Abstract Vascular calcification is highly prevalent in patients with chronic kidney disease (CKD) and increases mortality in those patients. Impaired calcium and phosphate homeostasis, increased oxidative stress, and loss of calcification inhibitors have been linked to vascular calcification in CKD. Additionally, impaired bone may perturb serum calcium/phosphate and their key regulator, parathyroid hormone, thus contributing to increased vascular calcification in CKD. Therapeutic approaches for CKD, such as phosphate binders and bisphosphonates, have been shown to ameliorate bone loss as well as vascular calcification. The precise mechanisms responsible for vascular calcification in CKD and the contribution of bone metabolism to vascular calcification have not been elucidated. This review discusses the role of systemic uremic factors and impaired bone metabolism in the pathogenesis of vascular calcification in CKD. The regulation of the key osteogenic transcription factor Runt-related transcription factor 2 (Runx2) and the emerging role of Runx2-dependent receptor activator of nuclear factor kappa-B ligand (RANKL) in vascular calcification of CKD are emphasized.
Introduction
Cardiovascular complications are major clinical problems in patients with chronic kidney disease (CKD), which accounts for 50 % of deaths in end-stage renal disease patients [1, 2] . The combination of vascular calcification and impaired bone metabolism in CKD has been identified as the chronic kidney disease mineral bone disorder (CKD-MBD) by the Kidney Disease: Improving Global Outcomes Foundation [3] . Increased vascular calcification in CKD patients predicts a poor prognosis in terms of overall survival and cardiovascular morbidity and mortality [2, 4, 5] . Previously regarded as a passive calcium and phosphate hydroxyapatite deposition, vascular calcification has now been recognized as a cell-regulated process whereby vascular smooth muscle cells (VSMC) undergo molecular and phenotypic changes resembling bone formation during embryogenesis. Paradoxically, reduced bone mass occurs simultaneously with increased vascular calcification in CKD patients and animal models of CKD [6•] , suggesting that different intrinsic signaling in tissue-specific microenvironments may govern mineralization in both bone and the vasculature. The precise mechanism responsible for vascular calcification in CKD and the contribution of impaired bone metabolism to vascular calcification have not been fully elucidated. This review discusses the contributions of systemic uremic factors and impaired bone metabolism on the pathogenesis of vascular calcification in CKD. The regulation of the key osteogenic transcription factor, Runx2 and Runx2-dependent RANKL in vascular calcification of CKD, and the effects of current therapies are emphasized. 
Vascular Calcification in CKD
Vascular calcification is a prominent feature of atherosclerosis, diabetes, and CKD. It occurs either at the tunica intima or the tunica media depending on the underlying pathological disorders. Medial arterial calcification (MAC) is most common in patients with CKD, which locates mainly in the tunica media that contains VSMC and elastic tissues [6•] . Pathologically, MAC develops along elastic laminae as sheet-like deposits in its earliest form and as thick hydroxyapatite crystals in the media at its most severe stage. It occurs independent of hypercholesterolemia and atherosclerosis [7] . In clinical studies, MAC was observed in young and middle-aged patients without conventional atherosclerotic risk factors [5] . In dialysis patients, MAC was closely associated with the duration of hemodialysis and calcium-phosphate disorders [5] . Medial calcification often results in arterial stiffness and reduced vascular compliance, with an increased risk of cardiovascular mortality [5, 8] .
Atherosclerotic intimal calcification is also found in patients with CKD [5] . Patchy VSMC calcification of the intimal layer is associated with subintimal deposition of lipids and lipoproteins, which may stimulate innate and adaptive immune responses that induce endothelial cells and VSMC to express inflammatory molecules, which stimulates monocyte/ macrophage infiltration [9] . As a result, increased inflammation, oxidized lipids, and fibrous matrix secretion in the atherosclerotic lesions further accelerate vascular calcification [10] , which eventually leads to atherosclerotic plaque rupture [11] . In CKD patients, both atherosclerotic intimal calcification and atherosclerosis-independent MAC are associated with increased cardiovascular mortality compared to that of CKD patients without vascular calcification [5] .
Calcification Paradox-Bone Loss and Vascular Calcification
The adverse calcification of the physiologically nonmineralized blood vessel walls in the CKD patients has been associated with decreased bone mass assessed by bone mineral density (BMD). Emerging clinical studies have demonstrated that the development of vascular calcification is inversely correlated with the decreased BMD and strongly associated with the incidence of bone fractures and mortality in CKD patients [12, 13] . In a 2-year cohort study, arterial calcification was correlated with the prevalence of vertebral fractures in hemodialysis patients, which was positively associated with increased mortality [12] . Similarly, the highest degree of aortic calcification was associated with the highest bone loss in a population-based longitudinal study of postmenopausal women [13] . In animal models of CKD, decreased bone density and increased risk of bone fracture are strongly correlated with the degree of vascular calcification [6•] . The molecular mechanisms underlying the opposing regulation of mineralization of bone and vascular cells in CKD and the cross talk between these two systems are poorly understood. However, this relationship has provided rationale for the study of many factors thought important in the pathogenesis of arterial calcification.
Regulation of Vascular Calcification in CKD
The molecular mechanisms underlying the pathogenesis of vascular calcification in CKD have not been fully understood. Patients with CKD with impaired calcium and phosphate homeostasis are manifested by hyperphosphatemia, hyperparathyroidism, elevated fibroblast growth factor 23 (FGF23), increased oxidative stress, and decreased calcification inhibitors such as fetuin-A and pyrophosphates [14] [15] [16] . At the molecular level, we and others have demonstrated that the Runtrelated transcription factor 2 (Runx2), the key transcription factor of the Runx family that regulates osteoblast differentiation and chondrocyte maturation [17] , is an essential and sufficient regulator for vascular calcification [18, 19•, 20] . The expression of the Runx2 is identified in arteries from CKD patients but not in normal vessels [21, 22] , suggesting an important role of Runx2 in the pathogenesis of vascular calcification associated in CKD. Previous studies demonstrated that pooled uremic serum directly increased Runx2 expression and enhanced calcification of VSMC [22, 23] . Runx2 is regulated at multiple levels by a complex signal cascade. The regulation of Runx2 by the systemic uremic factors in CKD, including high levels of calcium/phosphate and oxidative stress, is emphasized below, and the contributions of the key calcification inhibitors are discussed (Fig. 1) .
Altered Bone Turnover and Parathyroid Hormone
Impaired mineral metabolism has been shown to be associated with increased risk of cardiovascular mortality. As a primary reservoir for calcium and phosphate, bone is critical in maintaining systemic mineral homeostasis [1] . Increased serum phosphorous or dietary phosphate intake was associated with enhanced serum parathyroid hormone (PTH), which further promoted renal phosphate excretion [24] . Hyperparathyroidisminduced phosphate release from bone and impaired phosphate excretion led to advanced nephron loss in CKD patients [25] and thus resulting in severe hyperphosphatemia. Accrued high levels of serum phosphate then further stimulated the secretion of PTH, forming a vicious cycle. In hemodialysis patients, increased PTH was associated with vascular calcification [26] . Similarly, increased aortic calcification and decreased bone mass were associated with increased serum phosphorous and PTH levels in CKD rats [27] . In addition, the effects of uremic serum on VSMC calcification were positively correlated with serum PTH level [28] . Therefore, it is likely that impaired bone mineralization in CKD patients may contribute to the systemic mineral metabolic disorder by regulating PTH concentration and impairing calcium phosphate homeostasis, which may lead to the progression of vascular calcification. Hyperphosphatemia also increases FGF23, which, together with its co-receptor klotho, may also be a pathogenic factor in arterial calcification. Impaired bone metabolism in CKD patients includes highturnover and adynamic bone disease based on the bone remodeling rates. In adynamic bone disease, a low rate of bone formation results in inability to incorporate an excessive calcium load [29] . Reduced bone formation rates were associated with hyperphosphatemia and vascular calcification in the lowdensity lipoprotein receptor (LDLR)-deficient mice with CKD, whereas enhancing skeletal phosphate deposition by BMP-7 treatment reduced serum phosphate and inhibited vascular calcification [30] . High turnover is the most common form of metabolic bone disorder in CKD, which is characterized by accelerated bone remodeling in response to high levels of PTH [31] . PTH activates bone resorption through enhancing osteoclast formation by increased osteoblastic production of the receptor activator of nuclear factor kappa-B ligand (RANKL), a master regulator of osteoclastogenesis [32] . PTH-accelerated bone remodeling in CKD results in increased release of serum phosphate and calcium from bone [33] . Inhibiting bone resorption by using bisphosphonates or RANKL antibody has been shown to block vascular calcification [34] [35] [36] , supporting the association of high bone turnover with the development of vascular calcification. [18] . Thus, high calcium and phosphate-induced Runx2 upregulation in VSMC promotes vascular calcification in CKD. Fig. 1 Regulation of vascular calcification in CKD. Impaired calcium/ phosphate homeostasis (Ca/Pi), increased oxidative stress, and loss of calcification inhibitors promote vascular calcification in CKD. In addition, increased PTH induces calcium/phosphate release by bone in CKD patients, resulting in severe hyperphosphatemia. High calcium/phosphate, PTH, FGF23, and increased oxidative stress induce the expression of osteogenic transcription factor Runx2, which promotes osteogenic differentiation of VSMC that leads to vascular calcification. Loss of calcification inhibitors, including fetuin-A and pyrophosphate, further enhances VSMC calcification. Upregulation of Runx2 in VSMC induces the expression of RANKL, which in turn may directly enhance VSMC calcification and contribute to bone loss via bone-resorbing osteoclasts. Additionally, VSMC-expressed RANKL promotes migration, cytokine production, and osteoclast formation of macrophages (MØ), which may further accelerate vascular calcification
Increased Oxidative Stress
Increases in both aortic and systemic oxidative stress were shown to be a key feature of the uremic state in CKD patients and uremic rats [47] . Enhanced oxidative stress is closely associated with the development of vascular calcification in vitro and in vivo in CKD [18, 47, 48] . In cell cultures, oxidative stress was found to modulate osteogenic differentiation of vascular cells and bone cells in an opposite manner [18, 48, 49] . We demonstrated that hydrogen peroxide induces VSMC calcification [18] . In contrast, oxidative stress inhibited phosphate-induced osteogenic differentiation of rat osteoblasts [49] . A recent prospective study revealed that a systemic increase in oxidative stress was associated with a higher risk of hip bone fracture in postmenopausal women [50] , further demonstrating an inverse correlation between oxidative stress and BMD in vivo. Tempol, an antioxidant, inhibits the progression of vascular calcification in uremic CKD animals, suggesting that uremia-induced oxidative stress promotes the development of vascular calcification in CKD [47] . Hydrogen peroxide or xanthine/xanthine oxidaseinduced oxidative stress was found to induce osteogenic differentiation of calcifying bovine vascular cells [48] . In contrast, minimally oxidized low-density lipoprotein (OxLDL) and hydrogen peroxide increased intracellular oxidative stress and inhibited osteogenic differentiation of pre-osteoblasts or bone marrow stromal cells [48] . In addition, OxLDL inhibited phosphate-induced mineralization of rat osteoblasts by generation of oxidative stress [49] . In animal models, statins were shown to decrease oxidative stress through enhancing antioxidant systems and suppressing the activity of NADPH oxidase, which inhibited osteoporosis in aged and ovariectomized rats [51] . In VSMC, increased oxidative stress converted LDL into OxLDL, which promoted VSMC calcification [52•]. Consistently, we demonstrated that oxidative stress induced VSMC calcification by upregulation of Runx2, which is mediated by the activation of the AKT/FOXO1/3 signaling axis via inhibiting Runx2 ubiquitination that leads to increased Runx2 transactivity [18, 53] .
Altogether, studies from our lab and others have demonstrated that uremic serum as well as uremia-associated elevation of calcium/phosphate and oxidative stress induces Runx2 expression. We have demonstrated that SMC-expressed Runx2 is essential for osteogenic differentiation of VSMC that leads to atherosclerotic calcification in the ApoE −/− mice [20] . Further characterization of the SMC-specific Runx2 deletion mice in a CKD model should uncover a definitive role of uremia-induced Runx2 in regulating vascular calcification in CKD.
Decreased Calcification Inhibitors
Along with increased levels of calcium and phosphate, decreased calcification inhibitors, including fetuin-A and pyrophosphate, are found in serum from CKD patients, which may contribute to increased vascular calcification in CKD.
The modes of action of fetuin-A and pyrophosphate may be directly linked to their functions in modulating calcium and phosphate. Therefore, decreased serum fetuin-A or pyrophosphate in CKD patients results in loss of inhibition on calcium and phosphate-induced signals, thus impairing bone metabolism and promoting VSMC calcification. Low concentrations of fetuin-A were found in serum of dialysis patients, which were associated with increased inflammation and vascular calcification [15] . Fetuin-A is a serum glycoprotein that binds to calcium and forms stable colloidal calciprotein particles [54] . Accordingly, the plasma fetuin-A is a systemic inhibitor of mineralization [55] . Fetuin-A can be taken up by VSMC and secreted via release of matrix vesicles, thus inhibiting matrix vesicles-initiated nucleation of calcium phosphate that leads to the development of vascular calcification [56] . Consistently, fetuin-A was found to inhibit hyperphosphatemia-induced nanocrystals and block osteogenic differentiation of VSMC [57] . In a cross-sectional study, lower serum fetuin-A level was associated with decreased BMD in postmenopausal women compared to control group [58•] . Therefore, increased fetuin-A may prevent bone loss and inhibit vascular calcification in CKD.
Plasma pyrophosphate is reduced in hemodialysis patients compared to healthy control subjects, supporting a role of pyrophosphate in vascular calcification in CKD [16] . Pyrophosphate strongly binds to hydroxyapatite and counteracts the crystalline complex formation of phosphate with calcium to form hydroxyapatite [59] . High inorganic phosphateinduced osteogenic differentiation and calcification of VSMC is prevented in the presence of pyrophosphate, possibly through reducing the formation of hydroxyapatite nanocrystals [57] . Mice deficient in ectonucleotide pyrophosphatase phosphodiesterase, an enzyme that synthesizes extracellular pyrophosphate, exhibited low plasma pyrophosphate concentrations that lead to rapid development of severe aortic calcification [60] . Accordingly, bisphosphonates, non-hydrolyzable analogs of pyrophosphates, are broadly used to treat vascular calcification as well as osteoporosis.
Increased RANKL Expression
Emerging clinical studies have demonstrated a positive correlation of serum RANKL and its decoy receptor, osteoprotegerin (OPG), with vascular calcification in CKD [61] [62] [63] . In elderly hemodialysis CKD patients, serum OPG is increased along with increased PTH and phosphorus and decreased fetuin-A [61] . A recent study demonstrated increased circulating OPG in predialysis, dialysis, and transplant CKD patients and suggested a role of OPG in predicting the progression of vascular calcification in CKD [62] . In patients with CKD stage 5, higher OPG levels are positively correlated with RANKL and PTH and negatively correlated with the bone resorption marker, TRAP5b [63] . The function of RANKL and OPG in regulating vascular calcification in CKD is unknown. The RANKL/RANK system is critical for the formation of osteoclasts, the bone-resorbing cells [64] . Nonetheless, accumulating data have begun to connect this key osteoclast regulatory system with cardiovascular pathology. The first evidence supporting the role of OPG in linking vascular calcification with osteoporosis derives from the use of OPGdeficient mice. Bucay et al. demonstrated that mice deficient in OPG developed vascular calcification, while decreased BMD and increased bone fracture rates [65] . Furthermore, recombinant OPG treatment was found to significantly reduce vascular calcification in LDL receptor-deficient mice [66] . On the other hand, increased expression of RANKL was determined in calcified atherosclerotic lesions [19•, 67-69] . In animal models, increased RANKL mediated angiotensin IIinduced bone loss [70] [75••] . In a coculture of VSMC with bone marrow-derived macrophages, RANKL was also found to promote VSMC calcification indirectly through increasing the expression of pro-calcific cytokines by macrophages [76] . In addition, we identified a novel role of VSMC-expressed RANKL in promoting macrophage infiltration and osteoclast formation [19•, 20] . Furthermore, a positive correlation between VSMC calcification and vascular osteoclasts was demonstrated in the atherosclerotic lesions [20] , supporting a novel paradigm that RANKL may function on osteoclasts to regulate vascular calcification as it does in bone. This notion is further supported by the observations that anti-resorbing bisphosphonates also inhibit vascular calcification in humans and animals [34, 35] . Nonetheless, further studies are necessary to determine the precise function and mechanisms of RANKL in regulating vascular calcification in CKD and/or other vasculopathy (Fig. 1) .
Therapeutic Approaches to Vascular Calcification in CKD
In light of the key regulators of vascular calcification in CKD reviewed above, three main current therapeutic approaches for vascular calcification in CKD are discussed below, including phosphate binders, calcimimetics, and pyrophosphate analogs. Although the efficacies of these drugs are inconsistent, beneficial effects have been demonstrated in preclinical and clinical studies.
Phosphate Binders
High phosphate is one of the major factors that induce vascular calcification. Accordingly, phosphate binders that lower serum phosphorous levels have been tested in multiple clinical trials to determine their effect on vascular calcification in CKD. Sevelamer was the first non-calcium or aluminumc o n t a i n i n g p h o s p h a t e b i n d e r m a rk e t e d to t r e a t hyperphosphatemia in CKD patients. Long-term follow-up study demonstrated that sevelamer decreased serum calcium and phosphate in hemodialysis patients, which was associated with increased expression of Klotho, an inhibitor of vascular calcification [77•] . In high phosphate diet-fed CKD rats, sevelamer treatment inhibited renal dysfunction and secondary hyperparathyroidism and reduced vascular calcification [78] . In uremic ApoE −/− mice, sevelamer inhibited both intimal and medial calcification, which was associated with reduced oxidative damage [79] . Similarly, lanthanum, a noncalcium phosphate inhibitor, blocked vascular calcification in uremic ApoE −/− mice and decreased expression of type I collagen in aortic plaques [80] . In vitro studies also demonstrated a direct effect of lanthanum on inhibiting high phosphate-induced VSMC calcification [81•] . In a small pilot study, lanthanum was more effective in inhibiting progression of coronary artery calcification in patients on hemodialysis, compared to a calcium-based phosphate binder, calcium carbonate [82] . Consistently, sevelamer was superior to calciumbased phosphate binders in reducing serum calcium and LDL in patients on renal replacement therapy [83] . In some studies, calcium-containing phosphate binders were also found to increase vascular calcification [1, 5] and decreased BMD in hemodialysis patients [84] . In general, non-calciumcontaining phosphate binders are more advantageous than calcium-containing phosphate binders in reducing vascular calcification and improving survival of hemodialysis patients [85, 86] , although sevelamer did not reduce overall mortality of hemodialysis patients in the largest study to date [87] .
Calcimimetics
Calcimimetics are drugs that mimic the action of calcium on cells and tissues by allosteric activation of calcium-sensing receptor (CaR). Loss of functional CaR by overexpressing dominant-negative CaR increased VSMC calcification in culture [88] . In contrast, high calcium-induced VSMC calcification was inhibited by a calcimimetic, R-568 [88] . Similarly, calcimimetics, R-568 or AMG 641, inhibited calcification of human VSMC, which was associated with an increased expression of CaR [89] . In addition, calcimimetic calindol inhibited high phosphate-induced VSMC calcification, as a single agent or combining with phosphate binder lanthanum [90] . The effects of these calciminetics on vascular calcification were also demonstrated in preclinical animal models of CKD. R-568 reduced parathyroid hyperplasia and inhibited the development of atherosclerosis and aortic calcification in ApoE −/− mice with CKD [91] as well as in a slowly progressive model of CKD [92] . In uremic rats, AMG 641 reduced vascular calcification and inhibited the augmentation of parathyroid gland size associated with secondary hyperparathyroidism [93] . Long-term administration of cinacalcet, the only clinically approved calcimimetic, decreased serum calcium, phosphate, and calcium phosphate products and suppressed the progression of abdominal aortic calcification in patients on hemodialysis [94] . In a randomized study, coronary artery calcification scores were less in the aorta and aortic valve in hemodialysis patients treated with cinacalcet combined with vitamin D sterol compared to vitamin D sterol alone [95] . Unfortunately, this did not translate to reduced mortality or major cardiovascular events in the large EVOLVE study in dialysis patients with moderate to severe secondary hyperparathyroidism [96] .
Pyrophosphate Analogs
As pyrophosphate analogs, bisphosphonates are most frequently prescribed drugs to treat osteoporosis because of their inhibitory effect on bone resorption. The anti-resorbing bisphosphonate drugs that increase bone formation are also found to inhibit artery calcification in humans and animals [34, 35] . The mechanisms of bisphosphonates responsible for inhibiting vascular calcification are not fully understood. In animal studies, bisphosphonates did not affect serum calcium and phosphate [35] but inhibited vascular calcification induced by warfarin [35] . The beneficial effects of bisphosphates on vascular calcification appear to be limited to disease status and study populations in the clinical studies. Etidronate significantly reduced aortic calcification in hemodialysis patients without changing serum calcium and phosphate [97] . In the multiethnic study of atherosclerosis, bisphosphonates reduce vascular calcification in older women but increased calcification in younger ones [34] . A retrospective cohort study of female patients with CKD stages 3-4 revealed that bisphosphonates therapy was not associated with lower risk of cardiovascular events although it was associated with diminished risk of all-cause mortality [98] . In addition, ibandronate did not improve aortic calcification in osteoporotic elderly women [99] , and alendronate did not decrease the progression of vascular calcification in patients with CKD stages 3-4 [100] . Accordingly, the effects of bisphosphonates therapy on vascular calcification in CKD patients are inconsistent; more basic and clinic studies are warranted to understand the mechanisms whereby bisphosphonates regulate vascular calcification. Furthermore, there are concerns over the use of bisphosphonates in patients with advanced kidney disease.
Conclusion
CKD-MBD is an important clinical problem, and the severity of vascular calcification predicts cardiovascular mortality of CKD patients. Decreased bone and increased vascular calcification in CKD-MBD suggest that distinct intrinsic signaling in the tissue-specific microenvironment may govern the mineralization in bone and in the vasculature. Clinical and experimental studies have linked many key common factors that contribute to bone and vascular defects in the CKD-BMD, including hyperphosphatemia, hyperparathyroidism, elevated FGF23, and oxidative stress, which inversely regulate bone and vascular calcification (Fig. 1) . Phosphate binders and antioxidants have been shown to improve bone loss and prevent progression of vascular calcification in CKD patients or animal models. The impaired bone metabolism in CKD may perturb serum calcium/phosphate and PTH signaling, which contribute to the pathogenesis of vascular calcification. In addition, the loss of calcium/phosphate inhibitory factors, such as fetuin-A and pyrophosphate, further enhances vascular calcification. In VSMC, uremic signals, such as high levels of calcium/phosphate and oxidative stress, converge at Runx2 to induce osteogenic differentiation and calcification. We have found that Runx2 induces the expression of RANKL, the key regulator of the bone-resorbing osteoclasts. As anti-resorbing bisphosphonate drugs and RANKL antibody inhibit bone loss as well as vascular calcification in humans and animal models, RANKL is emerging as a novel regulator for vascular calcification. Further investigations are warranted to understand the distinct function and the underlying molecular mechanisms of RANKL in the bone and the vasculature in CKD. 
